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Figure 1
Map of study area showing location of lakes. 
Figure 3b
Plot of denitrification rate versus summer anoxic factor. Denitrification was calculated using N/P method without cottage inputs.
INTRODUCTION
Denitrification in lakes has been extensively studied, most often using direct measurement techniques. These methods provide information on controlling environmental factors (Messer and Brezonik 1984), on spatial variation in rates within a lake, or on short-term temporal variation in rates (Keeney et al. 1971; Chan and Campbell 1980; Messer and Brezonik 1983; Seitzinger 1988) . Lake denitrification has also been estimated using the mass balance approach, i.e., as the residual (unmeasured) term in a measured mass balance (Ahlgren 1967; Andersen 1974; Serruya 1975; Messer and Brezonik 1978, 1983) . While mass balance studies are not suited to studies of small scale spatial or short term temporal variation, they can provide reliable estimates of longer term denitrification rates over large areas. Hence, mass balance studies are well-suited to estimating the long-term importance of lake denitrification to regional N budgets provided that an appropriate number of lakes are investigated.
Mass balance studies typically use flux measurements of dissolved and particulate N and P into and out of lakes and N/P ratios in surficial sediments to estimate lake denitrification rates (Ahlgren 1967; Andersen 1974; Messer and Brezonik 1978, 1983; Serruya 1975 ). This technique is effective because no P is lost via gas phase reactions. However, these studies have often lasted 2 years or less; hence, there is some uncertainty about how representative the flux estimates are of longer time periods because of significant annual variation (Messer and Brezonik 1978, 1983; Serruya 1975; Dillon and Molot 1990; Dillon et al. 1991) . 
examine between-lake variation in denitrification rates and (4) compare N/P ratios in precipitation, streams and lake discharges.
STUDY SITES
The seven study lakes are located in south-central Ontario, County of Haliburton or the District of Muskoka (Figure 1 ). They are headwater lakes with the exception of Red Chalk Lake which receives discharge from Blue Chalk Lake.
The catchments are primarily forested with some cottage development and are underlain by Precambrian metamorphic plutonic and volcanic silicate bedrock. Minor till plains (continuous moraine deposits >1 m thick) and thin till deposits (<1 m thick) interrupted by rock ridges represent the dominant surficial geological characteristics. The soil profiles are poorly developed. Detailed descriptions of the geology and physiography of the catchments can be found in Jeffries and Snyder (1983) , Girard et al. (1985) , Seip et al. (1985) , Dillon et al. (1987 Dillon et al. ( , 1991 and Reid et al. (1987) . The catchments are not in an early successional state and hence, N fixation is assumed to be negligible (Boring et al. 1988 ).
The lakes are soft water (mean conductivity ranged from 29 to 38 µS) and oligotrophic to slightly mesotrophic with long-term mean annual whole-lake total phosphorus ( in Dickie (Table 1) .
METHODS
Water and sediment collection techniques are described in detail in Dillon and Evans (1992) .
Water samples were filtered through 80 µm polyester mesh into pre-rinsed Nalgene bottles and placed in temperature controlled containers while in transit to the laboratories. The annual deposition of TN from precipitation for each bulk collector was calculated by multiplying the TN concentration in a sample by the cumulative precipitation depth for the sampling period and then adding results for all of the sampling periods. TN loads for the gauged inflow streams and the outflows were calculated by multiplying the TN concentration in the inflows and outflow (measured during the midpoint of a time period) by the total discharge over that time period. Input of TN to the lake from ungauged portions of the watersheds were estimated by pro-rating the gross export (i.e., output per unit basin area) data obtained from the hydrologically gauged areas of the basins.
As there is extensive shoreline cottage development on two of the lakes (Harp and Dickie Lakes), potential anthropogenic inputs of TN from sewage disposal systems were derived by multiplying estimates of septic TP inputs (Dillon et al. 1992) by an N/P ratio of 6 (Brandes 1978). Because of the uncertainty associated with soil retention of N in the septic effluent, the data are presented as upper (no retention of N in the soil/septic system) and lower (100% retention) estimates of the loading. We considered the potential anthropogenic inputs only in the TN mass balances as the N species in the septic effluents is unknown.
Annual net gain of TN for each lake, TN net (mg m ) and is, in effect, a generalized rate constant for loss of N from the lake by all processes other than via outflow, i.e., v integrates burial in sediments and loss by denitrification.
Between 36 and 94 sediment cores were collected with a K-B gravity corer from the accumulating areas of each lake in 1978 , 1979 and 1980 (Dillon and Evans 1992 . Replicate cores were taken from each site, sectioned into 1 cm slices to a depth of 20 cm and combined to provide sufficient material for TP, TN, stable Pb and 210 PB analyses. All sediment samples were dried at 100-105°C for a minimum of 24 hours and ground to a fine powder.
Subsamples for chemical analyses were digested in hot sulfuric acid with potassium persulfate. TP and TN were measured after eliminating interfering Fe by precipitation and filtration (Ontario Ministry of the Environment 1983). TN sediment accumulation rates (N sed )
were determined for surficial sediments (0 to 3 cm) from average whole-lake sediment accumulation rates and average whole-lake TN concentrations (Dillon and Evans 1992). in Red Chalk Lake (Table 5) . Hence, direct atmospheric deposition to lakes was an important source of TN, accounting for 35% to 73% of inputs to the study lakes, excluding the potential contribution from shoreline development. The annual net difference between input and output via outflow of TN (TN net ) includes both accumulation in the sediments and loss from the system via denitrification. This net "gain", assuming no loading from the septic systems, ranged from 990 mg m in Harp Lake (48% of input) ( Table 5 ).
RESULTS
Atmospheric
The potential contribution of N from the shoreline development (Table 5) in Dickie Lake (Table 5 ). The data suggest that soils may retain significant amounts of N from septic effluent. Soils may also retain significant amounts of TP from the septic systems (Dillon et al. 1992) . in Harp Lake (62% of net gain) (Table 7) . Mean annual denitrification rate was poorly correlated with summer anoxic factor (r = -0.32, Figure 3a) , a measure of the degree of summer anoxia experienced by sediments (Nurnberg 1984) . This measure integrates spatial and temporal anoxia, and is equivalent to the length of time that an area equal to the hypolimnetic sediment area is overlain by anoxic water.
When cottage inputs were included, the mean annual denitrification rate was 670 mg m in Harp Lake (74% of net gain). The inclusion of septic loads increased the apparent denitrification rate in Dickie and Harp Lakes substantially. However, mean annual denitrification rate was still poorly correlated with summer anoxic factor (r = -0.28).
N/P Ratio Method: Denitrification rates were also estimated from N/P ratios (N/P net ) of the retained nutrients (retained nutrient = inputs -outflow) and surficial sediments (N/P sed ) (Table 8) ,
This method assumes that all retained P is stored in the sediments and avoids having to calculate whole-lake sediment and N accumulation rates. Detailed TP budgets will be presented elsewhere.
The average denitrification rate excluding cottage inputs was 917 mg m in Harp. An average of 76% of the net gain, 36% of the total natural loads or 81% of direct atmospheric deposition was denitrified.
On a regional basis, the total mass of N denitrified in the lakes was 12% of bulk deposition in the catchments and lakes. Hence, the lakes were significant vehicles regionally for the return of N to the atmospheric N 2 pool. Catchments retained an area-weighted average of 67% of atmospheric TN deposition (Dillon et al. 1991) but it is not known how much of this as denitrified. Lakes retained 4% of bulk TN deposition in the catchments and lakes.
The average denitrification rate of 76% of the average net gain is much higher than the average of 46% of the net gain calculated using the 210P b method (Tables 7 and 8 ). The discrepancy between the two methods is likely due to errors in estimating average whole-lake sediment and N accumulation rates using the 210 Pb method rather than errors in estimating sediment N/P ratios.
Surficial sediment N/P ratios were remarkably similar at the 36 sediment collection sites in the 7 lakes. N/P ratios ranged from 4.0 to 11.9 with a pooled mean of 7.9. Mean within-lake N/P ratios ranged from 5.5 in Harp to 8.7 in Chub (Table 8 ). The mean sediment N/P ratio in the east basin of Red Chalk was slightly higher at 11.7. Since the net gain N/P ratios were substantially higher in all lakes (ranging from 22 in Dickie to 49 in Plastic) than the sediment N/P ratios, the sediment N/P ratios were quite similar and denitrification using the N/P method was strongly correlated with anoxic factor, we conclude that substantial denitrification occurred in all lakes and the While N/P ratios were generally less in streams than in precipitation suggesting preferential N retention in catchments, the N/P ratios of average lake outputs were slightly higher than input ratios, suggesting preferential P retention in lakes (Tables 8 and 9 ).
DISCUSSION
Substantial denitrification occurred in all lakes, an average of 36% of TN inputs or 75% of the net gain. On a regional area-weighted basis, 67% of bulk atmospheric TN deposition was stored or denitrified terrestrially, 12% was denitrified in lakes, 4% was stored in lake sediments, and 17% was exported downstream from lakes.
Denitrification was strongly negatively correlated with anoxic factor, or temporal degree of surficial sediment anoxia, suggesting that denitrification is limited directly by the availability of NO 3 -and indirectly by the availability of O 2 (Messer and Brezonik 1984; Seitzinger 1988) .
Denitrification rates in eutrophic systems are much higher than those reported here, suggesting that organic C or N availability may also play a role. Denitrification rates in eutrophic lakes ranged from 1,000 to 46,000 mg N m Pb accumulation rates whereas sediment N/P ratios were relatively uniform.
The mass balance model is a black box model which considers only inputs and inputs and therefore offers limited insight into internal processes. However, one can infer a few things about internal N cycling processes from a consideration of v. First, we note that low R and v for NO 3 --N occurred along with high denitrification rates and low anoxic factors in Crosson and Red Chalk Lakes (Tables 2 and 8) , and we infer from this that significant nitrification must be occurring to support high denitrification rates in these two lakes. This is consistent with the argument above that denitrification is limited directly by the availability of NO 3 --N and indirectly by the availability of O 2 (Figure 3b ).
Second, a low settling coefficient indicates a low pelagic demand whereas a high coefficient indicates strong pelagic demand (Kelly et al. 1990) . Hence, the very high NH Undisturbed terrestrial systems are commonly N-limited whereas oligotrophic freshwater systems are typically P-limited (Vitousek and Howarth 1991) . Changes in N/P ratios in transit between bulk precipitation and lake outflows provides some support for this argument. N/P ratios were generally less in streams than in precipitation suggesting preferential N retention in catchments, whereas the N/P ratios in lake outputs were slightly higher than lake input ratios, suggesting preferential P retention in lakes (Tables 8 and 9 ).
Assuming that terrestrial nitrogen fixation was negligible, the decline in N/P ratios between precipitation and stream export suggests that (1) terrestrial productivity was N-limited, (2) significant denitrification occurred in the catchments or (3) there were significant inorganic sources of P in the catchments (weathering). The latter is unlikely because of the prevalence of thin tills over most of the region and the resistance of igneous bedrock, in general, to weathering. Vitousek and Howarth (1991) may be correct when they suggested that aquatic and terrestrial systems have different N/P requirements because of their very different floral communities. If N requirements per unit P are higher in forests than in adjacent freshwater communities, then an N/P ratio of 51 in bulk precipitation could lead simultaneously to N-limited forests and P-limited lakes. Average annual TN/TP ratios (by weight) in total inputs to lake excluding cottages (stream + precipitation + groundwater) (In), lake outflow (Out), net gain (inputs -outflow) and sediments (Sed). Denitrification rate was calculated using the N/P method-TN data from The mean sediment N/P ratios for the east and main basins of Red Chalk were area-weighted to obtain a whole-lake value. Average annual TN/TP ratios (by weight) in total inputs to lake (stream + cottage + precipitation + groundwater) (In), lake outflow (Out) and net gain (inputs -outflow). Denitrification was calculated using the N/P method. Data from Table 2 and Dillon (unpubl. data). In Out Figure 1 
Denitrification
